Purpose: To assess the diagnostic power of the Corneal Visualization Scheimpflug Technology (Corvis ST) provided corneal biomechanical parameters in keratoconic corneas. Methods: The following biomechanical parameters of 48 keratoconic eyes were compared with the corresponding ones in 50 normal eyes: time of the first applanation and time from start to the second applanation [applanation-1 time (A1T) and applanation-2 time (A2T)], time of the highest corneal displacement [highest concavity time (HCT)], magnitude of the displacement [highest concavity deformation amplitude (HCDA)], the length of the flattened segment in the applanations [first applanation length (A1L) and second applanation length (A2L)], velocity of corneal movement during applanations [applanation-1 velocity (A1V) and applanation-2 velocity (A2V)], distance between bending points of the cornea at the highest concavity [highest concavity peak distance (HCPD)], central concave curvature at the highest concavity [highest concavity radius (HCR)]. To assess the change of parameters by disease severity, the keratoconus group was divided into two subgroups, and their biomechanical parameters were compared with each other and with normal group. The parameters' predictive ability was assessed by receiver operating characteristic (ROC) curves. To control the effect of central corneal thickness (CCT) difference between the two groups, two subgroups with similar CCT were selected, and the analyses were repeated. Results: Of the 10 parameters compared, the means of the 8 were significantly different between groups (P < 0.05). Means of the parameters did not show significant difference between keratoconus subgroups (P > 0.05). ROC curve analyses showed excellent distinguishing ability for A1T and HCR [area under the curve (AUC) > 0.9], and good distinguishing ability for A2T, A2V, and HCDA (0.9 > AUC > 0.7). A1T reading was able to correctly identify at least 93% of eyes with keratoconus (cut-off point 7.03). In two CCT matched subgroups, A1T showed an excellent distinguishing ability again. Conclusions: The A1T seems a valuable parameter in the diagnosis of keratoconic eyes. It showed excellent diagnostic ability even when controlled for CCT. None of the parameters were reliable index for keratoconus staging.
Introduction
Manifest keratoconus is easily detected by corneal topographers, but detection of its earlier stages and suspicious patients are major concerns for refractive surgeons. 1 It is believed that the main cause of corneal ectasia after refractive surgery is activation of latent biomechanical instability in subclinical keratoconus by this operation. 2e4 Moreover, it is now hypothesized that biomechanical destabilization of the cornea in keratoconic eyes may be present before topographical changes, and it may be detectable before the tomographic and clinical signs of the disease. 1, 5, 6 Corneal biomechanical properties might have the ability to bridge the present gap in detection of early or marginal forms of keratoconus. A better understanding of these properties of cornea might help the detection of eyes at risk for developing ectasia after refractive surgery. 7 Biomechanical properties of normal and keratoconic eyes have been investigated using ocular response analyzer (ORA: Reichert Ophthalmic Instruments, Buffalo, NY), the first instrument introduced for measuring corneal biomechanical properties in vivo in different studies. Most of them have indicated that the biomechanical properties of normal and keratoconic eyes were significantly different. 2,7e11 However, the exact correlation of ORA measured parameters to corneal mechanical properties should be known and investigated more. 1, 6 Recently, the Corvis ST (CST: Corneal Visualization Scheimpflug Technology, Oculus; Wetzlar, Germany) has been introduced as a clinical tool for evaluating corneal biomechanical properties in vivo. By using the ultra-high-speed Scheimpflug camera, CST provides much more information than ORA. 12 Both of them are noncontact tonometers that applanate cornea by air puff. The difference is that CST uses a high-speed Scheimpflug camera which takes cross-sectional images of the cornea during deformation process. The output parameters provided by the two instruments differ, and the results of the ORA and CST measurements cannot be compared directly. 1 According to the related literature, CST has great potential for corneal biomechanics research. 13 Assessing various corneal biomechanical parameters to identify the potentially discriminatory parameters could be an important step toward detecting early or marginal cases of keratoconus.
In this study, the ten CST provided biomechanical parameters of the eyes with mild to moderate keratoconus were compared with normal eyes. The same evaluations were done in two keratoconus subgroups to assess their change by the disease severity.
Methods
In this comparative study, two study groups were formed: the healthy control group and keratoconus group. The healthy control group comprised refractive surgery candidates. A detailed ophthalmologic examination confirmed their inclusion eligibility.
The diagnosis of keratoconus was made by a corneal specialist using microscopic signs and corneal imaging.
14 In the keratoconus group, the first four stages of topographical keratoconus classification (TKC) provided by Pentacam (Oculus, Wetzlar, Germany) were included (i.e. 1, 1e2, 2, and 2e3). By this selection, they could be divided into two subgroups based on their TKC numbers: TKC 1 and 1e2 were grouped as stage I, and TKC 2 and 2e3 were grouped as stage II. Exclusion criteria in both groups were previous ocular surgery, corneal scars and opacities, history of glaucoma, pregnancy, and systemic disease affecting the eye. Data were collected from February 2014 to May 2014, and all participants consented.
This study included 98 eyes of 85 participants: 48 keratoconic eyes from 35 keratoconus patients (stage I: 22 eyes and stage II: 26 eyes) and 50 normal eyes from 50 controls. For the control group, one eye of each participant was selected randomly for measurements. In keratoconus groups, one or two eyes of the patients were included if they met the criteria.
Each subject underwent a comprehensive ophthalmologic examination, which included a medical history review, best corrected visual acuity, slit-lamp and fundoscopic examinations, Pentacam tomographic evaluation and CST measurements during the same visit. All measurements were taken between 8:00 AM and 1:00 PM. According to the literature, single measurements are not reliable for the 10 CST measured biomechanical parameters 15 ; therefore, to increase accuracy of our results, two measurements were taken 10e15 min apart, and the results were averaged. The same operator performed all topographies using a Pentacam, and another experienced operator performed CST examination. The techniques of measurements by the above devices have already been welldescribed. 16, 17 In this study, the following variables, measured by CST, were used for testing the biomechanical status of corneas: applanation-1 time (A1T: time of the first applanation), applanation-2 time (A2T: time from start to the second applanation), highest concavity time (HCT: time of the highest displacement of the corneal apex), highest concavity deformation amplitude (HCDA: magnitude of the highest displacement of the corneal apex), first applanation length (A1L: the length of the flattened segment in the first applanation), second applanation length (A2L: the length of the flattened segment in the second applanation), applanation-1 and applanation-2 velocity (A1V and A2V: corneal velocity of movement during two applanations), highest concavity peak distance (HCPD: distance between bending points of the cornea at the highest concavity), highest concavity radius (HCR: central concave curvature at the highest concavity).
The normality of data distribution was assessed with KolmogoroveSmirnov test, and independent samples t-test or ManneWhitney tests were applied to compare means of parametric or nonparametric data of the two study groups respectively. 1-way ANOVA or KruskaleWallis tests (for parametric and non-parametric data accordingly) were applied to compare means of CST parameters among the two keratoconic subgroups and normal groups followed by post-hoc analyses. The level of significance for each parameter was set at P < 0.05.
Receiver operating characteristic (ROC) curve analysis was employed to identify predictive accuracy of the CST parameters, as described by the area under the curve (AUC). ROC curves are obtained by plotting sensitivity versus 1 À specificity, which is calculated for each value observed. An area of 100% implies that the test perfectly discriminates between study groups. This method was also used to identify the cut-off points or studied parameters to maximize sensitivity and specificity in discriminating keratoconus corneas from normal ones.
To evaluate the effect of corneal thickness on CST parameters, two subgroups of normal and keratoconus participants whose corneal thicknesses did not show significant differences were formed, and the specificity and sensitivity of parameters were assessed by ROC curves. Central corneal thickness (CCT) provided by Pentacam was used for this part of the study. Statistical analyses and plots were performed using MedCalc software (v.12.1.0.0).
Results
The healthy control group consisted of 50 normal eyes, and the keratoconus group was comprised of 48 eyes with keratoconus. Age distribution, but not gender, was not significantly different between groups (P ¼ 0.68). There were significantly more men in the keratoconus group and significantly more women in the normal group (P < 0.001). Table 1 compares demographic data of the two study groups.
Of the ten biomechanical parameters A1T, A1V, A2T, A2V, HCDA, and HCR were normally distributed. Testing mean differences of biomechanical parameters showed that A1T, A1L, and HCR were significantly lower, and A1V, A2T, A2V, HCDA, and HCPD were significantly higher in keratoconus group ( Table 2) .
Comparison of parameters among normal group and two keratoconus subgroups indicated significant differences between normal group and each keratoconus subgroup in A1T, A1L, A1V, A2T, A2V, HCDA, and HCR. Moreover, means of the above mentioned parameters did not show a significant difference between the two subgroups ( Fig. 1) .
Mean of HCPD in stage I was significantly different from both stage II and the normal group, but its mean was not significantly different between stage II subjects and normal ones. The explanations for this unreasonable result could be that the device is not reliable in measuring HCPD. Because of showing such a result, this variable was not investigated anymore. As the previous part of the analyses, means of HCT and A2L were not significantly different among groups.
The biomechanical parameters that were significantly different between normal and keratoconus groups in previous analyses were assessed by ROC curve analysis for their distinguishing ability. Also, HCPD was excluded for the reason mentioned above. The results showed good overall predictive accuracy for tested parameters. Among biomechanical parameters A1T and HCR showed excellent ability in detecting keratoconic eyes (AUC ¼ 0.955, P < 0.0001, and AUC ¼ 0.936, P < 0.0001, respectively). Also, A2T, HCDA, and A2V showed good AUC. A1T showed cut-off point of 7.03 with 93.75% sensitivity and 92% specificity. Table 3 displays the results of ROC curve analyses and the best cutoffs of variables for optimizing sensitivity and specificity.
To control the effect of CCT on CST parameters, two normal and keratoconus subgroups consisted of 20 normal and 20 keratoconic eyes, whose mean corneal thickness did not show significant difference (P ¼ 0.35), were formed. The five CST parameters which had shown AUC of above 0.7 in the previous analyses were evaluated in these two subgroups. The results of independent samples t-test showed significant differences between normal and keratoconic subgroups in all tested variables (Table 4) .
The results of ROC curve analysis showed the excellent distinguishing ability for A1T (AUC ¼ 0.904, P < 0.0001). The four other parameters, i.e. A2T, HCDA, HCR, and A2V showed good AUC. The results of ROC curve analysis on CCT controlled subgroups have been summarized in Table 5 . Fig. 2 shows ROC curve of A1T for distinguishing between keratoconus and normal eyes in CCT controlled subgroups.
Discussion
Detecting keratoconus in its earlier stage is crucial for refractive surgery plans, but defining properties of its early and marginal forms has remained a clinical challenge.
1 Corneal biomechanical changes have been mentioned as an effective factor in keratoconus formation, and it might be detectable before the tomographic and clinical signs of keratoconus become apparent. 1, 5, 6, 8, 11 The ability to measure the biomechanical properties of the cornea could improve our understanding of corneal biomechanics in normal and pathological conditions. At present, there are two clinically available equipments which have made measuring biomechanical properties of cornea in vivo possible: ORA and CST. A few studies have evaluated biomechanical properties of cornea by ORA, but no cut-off point with high sensitivity and specificity for its parameters for the differentiation of keratoconus and healthy corneas has been established. 7, 10, 18, 19 Evaluating other corneal biomechanical parameters to find some with more discriminative power than ORA provided parameters for manifest keratoconus could be an important step toward detecting early or marginal cases of it.
CST, a recently introduced instrument, is not widely used in clinics. A limited number of studies have tested its measured parameters ability to distinguish between keratoconic and normal eyes. 5,20e23 In this study, CST was used to assess biomechanical properties of keratoconic and normal eyes. To reduce probable measurement error which corneal surface irregularity may induce the eyes with mild to moderate keratoconus were included. Also to increase reliability of the data 15 two measurements were conducted and averaged. Of the ten biomechanical parameters measured by CST, eight were significantly different in normal and keratoconic eyes. A1T, A1L, and HCR were significantly lower in keratoconic eyes, and A1V, A2T, HCDA, A2V, and HCPD were higher in keratoconic eyes. Shetty and associates 22 tested A1T, A2T, and HCDA in two groups and reported similar results. These results show that biomechanically normal and stiffer corneas take a longer time to applanate, and the velocity of applanation is lower. Normal structural and viscoelastic properties in normal eyes allow less deformation amplitude and as a result higher radius of curvature. In keratoconic eyes, distorting from normal structure and having abnormal viscoelastic properties could be the reason for easier deformation to a given force, lower resistance to deformation, and higher amplitude of deformation which results in lower radius of curvature at highest concavity. A2T could be an indicator of total viscoelasticity of the cornea, and it shows time element of viscoelastic response. 5 This parameter had been increased in keratoconus, which might be an indicator of lower total viscoelasticity of cornea in this group. In the present study, HCT and A2L were not significantly different between the two groups. Previous studies 5, 23 showed similar results for HCT between the two groups. They also showed that HCPD and A1L were not significantly different between the two groups. This part of their study is inconsistent with ours. However, in other parts of the present study, when we performed ROC curve analyses to assess distinguishing power of the parameters or when we assessed parameters differences among two keratoconus subgroups and normal group, we observed less distinguishing ability for these two parameters. The significant mean differences between two study groups in most of the CST provided parameters could be an indicator of impaired biomechanics and weakened strength in keratoconic eyes.
In the present study, the keratoconus group was divided into two subgroups according to their TKC grade in Pentacam, and CST measured parameters were compared among these two subgroups and normal group. The findings of these analyses did not show any significant differences in CST parameters of two keratoconus subgroups. These findings are mostly in agreement with Shetty and associates 22 who compared some of CST parameters in normal eyes and different stages of keratoconus and reported no significant differences in A1T and HCDA between the two earlier stages of keratoconus. This finding in the present study does not support earlier studies which measured corneal biomechanical parameters by ORA and reported that they changed with keratoconus severity. 7, 24 The reasons could be the different instruments used for measuring biomechanical properties, the different criteria measured, and the different methods used for subgrouping keratoconic eyes. The results of this part of the study could be helpful in understanding the changes occur in keratoconic eyes.
The results of ROC curve analyses showed excellent distinguishing value for A1T and HCR and good distinguishing value for A2T, A2V, and HCDA. In a previous study 23 researchers reported good AUC for HCDA (0.882) that was close to the result we got for this parameter (0.893). However, the sensitivity they reported for this parameter was higher than the present study.
It is believed that the difference in mean CCT between normal and keratoconus groups (in the present study P was less than 0.0001) may cause a bias in findings of corneal biomechanical properties comparison. 8, 11, 25 To control for the effect of CCT on CST provided biomechanical parameters, two 20-subject subgroups from normal and keratoconus groups whose CCT measures were not significantly different (P ¼ 0.35) were selected. Distinguishing value of the parameters which had shown good or better distinguishing potential in previous analyses (i.e. A1T, A2T, A2V, HCDA, and HCR) was assessed in these two new subgroups. Although the AUCs of all 5 parameters were reduced compared to previous results, they were still above 0.7. In addition to CCT effect, part of the AUCs reductions in CCT compensated subgroups may be due to population size. Optimized cut-off values for A2T, HCDA, and HCR show specificity of 100%. For cut-off values with 70% specificity, sensitivity of tested parameters is increased (Table 6 ). This trade off in specificity (70%) with the hope of reduction in post-refractive surgery ectasia incidence might be applicable in clinical practice. We concluded that although the thinner cornea was an effective factor in the obtained results in keratoconus, the viscoelastic properties of the cornea is a more determinant factor in the biomechanical responses that we got. This result is supported by the previous studies which reported significant differences in biomechanical properties of keratoconic and normal eyes after compensating for CCT difference or selecting keratoconic eyes with normal CCT as subjects. 2, 8, 10, 20 Our study showed that A1T with AUC ROC of over than 0.9 and sensitivity and specificity of about 90% in both tests (with randomized groups and CCT matched subgroups) has the best distinguishing value among CST measured parameters, and its reduction could be a good marker of keratoconus.
In addition to CCT, IOP has been mentioned as a confounding factor in corneal biomechanical response, and it should be included as a parameter in the interpretation of the corneal deformation patterns measured in vivo. 26, 27 In keratoconic eyes, corneal surface measurements and corneal biomechanical factors are deviated from normal condition which would result in lower reliability and error in IOP measurements. 28, 29 To get reliable results from including IOP measurements in biomechanical studies, we should use IOP measurements compensated for corneal factors. During this study we had access to the first generation of Corvis ST Software (version 1.00r24) which does not measure corneal compensated IOP (IOPcc). So we could not control for IOP when comparing the biomechanical properties of normal and keratoconus groups. The effect of IOPcc on CST measured parameters should be controlled in future studies.
Different statistical analyses performed in this study showed none or less discriminating power for HCT, A1L, A2L, A1V, and HCPD. The other 5 CST measured corneal biomechanical parameters, especially A1T and HCDA which have shown high repeatability in previous studies 5, 15, 16 and good discriminating ability in our study, deserve investigation with large CCT and IOPcc controlled groups to look for criteria for the detection of keratoconus especially in its earlier or marginal forms.
In conclusion, CST is a new instrument which measures corneal biomechanical parameters in vivo. Most of biomechanical parameters it measures were significantly different between normal and keratoconus group. A1T showed the best performance with AUC ROCs above 0.9 and sensitivity and specificity of 90% or above it in CCT controlled subgroups and randomized groups. It seems that A1T could provide an additional reference for discriminating keratoconic corneas from normal ones. Larger studies are required to investigate this parameter and four other potentially informative parameters, i.e. A2T, A2V, HCDA, and HCR. This study showed no significant difference in mean of CST measured biomechanical parameters between two stages of keratoconus. This finding could provide a better understanding of the corneal biomechanical response in keratoconic eyes. However, it should be investigated by using other keratoconus classification methods and including other stages of keratoconus. 
